counts was the most important laboratory abnormality, and a functional disorder of the platelets associated with systemic lesion of the vessel wall was suggested as a possible cause of the disorder. However, he called the disease ''hereditary pseudohaemophilia.'' To complicate the issue further, some authors subsequently called the disorder ''vascular hemophilia. '' Only in the 1950s was it demonstrated that the prolonged BTs in these patients was associated with reduced factor (F) VIII, but we had to wait until the 1970s to clarify that the deficiency of a new factor, called von Willebrand factor (VWF) and different from FVIII, was actually responsible for the disease. Surprisingly, the reduction of this factor caused low FVIII levels, pointing to the close relationship between the two proteins. In the 1980s, the cloning of the VWF gene set the basis for unraveling the molecular causes of the disorder.
The history of von Willebrand disease (VWD) has been the subject of a review. 1 In this review, I discuss the progress and the current problems of VWD diagnosis, 80 years after the original description by Erik von Willebrand.
STRUCTURE-FUNCTION OF VWF AND ITS CHANGES DURING EARLY CHILDHOOD
VWF is synthesized by endothelial cells and megakaryocytes. 2 The gene coding for VWF has been cloned and located at chromosome 12p13.2. It is a large gene composed of $178 kilobases and containing 52 exons. A noncoding, partial, highly homologous pseudogene has been identified in chromosome 22. The pseudogene spans the gene sequence from exon 23 to 34. 3 The primary product of the VWF gene is a protein with 2813 amino acids made of a signal peptide of 22 amino acids (also called a prepeptide), a large propeptide of 741 amino acids, and a mature VWF molecule containing 2050 amino acids. In keeping with a recently proposed nomenclature, 4 numbering starts from the first amino acid of the signal peptide, so 764 is the first amino acid of the mature protein. Different protein regions, corresponding to four types of repeated domains (D1, D2, D 0 , D3, A1, A2, A3, D4, B, C1, C2) of cDNA, are responsible for the different binding functions of the molecule (Fig. 1) . Mature VWF is the result of ordered intracellular processing, leading to the storage and/or secretion of a heterogeneous array of multimeric, multidomain glycoproteins, referred to as VWF.
VWF has two major functions in hemostasis. First, it is essential for platelet-subendothelium adhesion and platelet-to-platelet interactions, as well as platelet aggregation in vessels in which rapid blood flow results in elevated shear stress, a function partially explored in vivo by measuring the BTs. Adhesion is promoted by the interaction of a region of the A1 domain of VWF with glycoprotein (GP) Iba on the 0 to 3 0 (above). DNA domain structure and pre-pro-VWF polypeptide: the pre-pro-VWF is indicated with amino acids numbered from the amino-(aa 1) to carboxy-terminal portions (aa 2813) of VWF. Note the important CK and D3 domains for formation of VWF dimers and multimers (below). The native mature subunit of VWF, after the cleaving of the pre-pro VWF, is described with its functional domains: the VWF binding sites for factor (F) VIII (D 0 and D3), glycoprotein Ib (GPIb), botrocetin, heparin, sulfatide, collagen (A1), collagen (A3), and the RGD sequence for binding to a IIb b 3 .
platelet membrane. It is believed that high shear stress activates the A1 domain of the collagen-bound VWF by stretching VWF multimers into their filamentous form. Furthermore, GPIba and VWF are also necessary for platelet-to-platelet interactions. 2 The interaction between GPIba and VWF can be mimicked in plateletrich plasma by addition of the antibiotic ristocetin, which promotes the binding of VWF to GPIba of fresh or formalin-fixed platelets. Aggregation of platelets within the growing hemostatic plug is promoted by the interaction with a second receptor on platelets, GPIIbIIIa (or integrin a IIb b 3 ) which, once activated, binds to VWF and fibrinogen, recruiting more platelets into a stable plug. Both of these binding activities of VWF are highly expressed in the largest VWF multimers.
Second, VWF is the specific carrier of FVIII in plasma. VWF protects FVIII from proteolytic degradation, prolonging its half-life in the circulation and efficiently localizing it at the site of vascular injury. Each VWF monomer has one binding domain, located in the first 272 amino acids of the mature subunit (D 0 domain), which can bind one FVIII molecule, in vivo; however, only 1 to 2% of available monomers are occupied by FVIII. 5 Therefore, any change in plasma VWF levels is usually associated with a concordant change in FVIII plasma concentrations. The correct nomenclature with abbreviations of the different FVIII/VWF activities, as approved by the Scientific Standardization Committees, Sub-Committee on VWF, of the International Society of Thrombosis and Haemostasis (ISTH-SSC on VWF), are summarized in Table 1 . 6 The mature native VWF circulates in plasma of normal individuals at a concentration of 5 to 15 mg/mL: subjects with blood group O show lower plasma levels of VWF than those with blood group non-O. 7 During fetal growth, VWF retains ultralarge molecular weight forms and plasma levels of VWF are higher in the newborn than in children: only after 6 months from birth, children show their actual levels of VWF and FVIII. 8, 9 These data can explain why neonates with severe forms of VWD do not usually bleed, but should also be taken into consideration when VWD diagnosis is suspected in young children during their first 6 to 8 months of life.
Classification of VWD
The revised classification of VWD identifies two major categories, characterized by quantitative (types 1 and 3) or qualitative (type 2) VWF defects. 10 A partial quantitative deficiency of VWF in plasma and/or platelets identifies type 1, whereas type 3 is marked by the total absence or only trace amounts of VWF in plasma and platelets. Type 1 is easily distinguished from type 3 by the milder VWF deficiency (usually in the range of 10 to 40 U/dL), the autosomal dominant inheritance pattern, and the presence of milder bleeding symptoms.
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Four type 2 VWD subtypes have been identified, reflecting different pathophysiologic mechanisms. Type 2A and 2B VWD are marked by the absence of high molecular weight VWF multimers in plasma; in type 2B, there is increased affinity for platelet GPIb-IX-V complex (GPIba). The identification of qualitatively abnormal variants with decreased platelet-dependent function and the presence of normal multimers on gel electrophoresis has led the addition of a new subtype, called 2M. If this definition is followed and more stringent criteria are applied to VWD diagnosis, many cases previously identified as type 1 should now be classified as type 2M because they are caused by single missense mutations affecting VWF function but not its multimeric structure and assembly. Furthermore, type 2N (Normandy) also shows a full array of multimers because the defect lies in the N-terminal region of the VWF molecule where the binding domain for factor VIII resides. This type is phenotypically identified only by an abnormal FVIII/VWF binding test: in fact, this test is always normal in mild hemophiliacs or carriers of hemophilia A. 12 The current classification of VWD, summarized in Table 2 , was proposed by Sadler 10 in 1994 on behalf of the ISTH-SSC on VWF. A working party, composed by experts in the field, has the duty to prepare the updated classification of VWD within 2006.
PREVALENCE AND FREQUENCY OF DIFFERENT VWD TYPES
VWD is the most frequent inherited bleeding disorder, with a prevalence of up to 1% in certain geographic areas according to population studies. 11 On the other hand, prevalence based on the number of patients registered at specialized centers ranges from four to 10 cases/100,000 inhabitants: symptomatic VWD patients requiring specific treatment are 50 to 100 per million.
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In the past, type 1 was reported as the most frequent form of VWD (Table 3) . A recent retrospective 
GENERAL APPROACH TO THE DIAGNOSIS OF VWD
Three main criteria should be satisfied for a correct VWD diagnosis: (1) positive bleeding history since childhood; (2) reduced levels of VWF activity; and (3) autosomal dominant or recessive inheritance patterns, in most cases. Given that de novo mutations of the VWF gene cannot be excluded in a patient without any affected members within the family, a correct diagnosis of VWD should always require at least two criteria, namely, reduced levels of VWF activity and a significant bleeding history since childhood. Therefore, the analysis of the patient's bleeding history plays a major role in the decision made by the hematologists for the final diagnosis of VWD, especially in patients with borderline levels of VWF activity, close to those observed in normal individuals.
STANDARDIZED CRITERIA FOR EVALUATION OF THE BLEEDING HISTORY:
A BLEEDING SCORE Several attempts have been made recently by clinicians, experts in VWD, to evaluate the sensitivity and specificity of bleeding symptoms, which are important especially in the mild cases of type 1 VWD, with VWF:RCo levels > 30 U/dL. In a multicenter study about the clinical presentation of type 1 VWD in obligatory carriers, it has been shown that menorrhagia and epistaxis are not good predictors of type 1 VWD, whereas cutaneous bleeding and bleeding after dental extractions should be considered the most sensitive symptoms. 15 Therefore, a specific bleeding score has been proposed for general use in the diagnosis of VWD (Table 4 ). This bleeding score has been tested in affected and nonaffected members of 154 VWD families enrolled prospectively in a large European study, as well as in 200 normal individuals. 16 
CLINICAL FEATURES AND BLEEDING SYMPTOMS IN DIFFERENT VWD TYPES
The clinical expression of VWD is usually mild in most type 1 disease; severity increases in types 2 and 3 disease. In general, the severity of bleeding correlates with the degree of the reduction of VWF:RCo and FVIII:coagulant activity (C) activities, but not with the magnitude of BT prolongation or with the patient's ABO blood type. Mucocutaneous bleeding (epistaxis, menorrhagia) is a typical manifestation of the disease and may even affect the quality of life. VWD may be highly prevalent in patients with isolated menorrhagia. 11 Women with VWD may require treatment with antifibrinolytics, iron supplementation, or an estrogen/progesterone pills to control heavy menses. Bleeding after dental extraction is the most frequent postoperative bleeding manifestation. Given that FVIII:C is usually only slightly reduced, manifestations of a severe coagulation defect (hemarthrosis, deep muscle hematoma) are rare in type 1 VWD and are mainly posttraumatic. In type 1 VWD bleeding after delivery is rare because FVIII/VWF levels tend to become normal at the end of pregnancy. Postoperative bleeding may not occur even in more severely affected type 1 VWD patients, but in type 3 VWD prophylaxis is always required. To date, only a few detailed descriptions of symptoms in VWD patients have been provided, 17, 18 but only one study took into account the differentiation according to the VWD types. 13, 14 The relative frequency of bleeding symptoms in three large series of patients with VWD diagnosed at specialized centers is reported and listed in Table 5 .
LABORATORY TESTING TO DIAGNOSE VWD TYPES: A FLOW CHART
Once it is suspected that a patient has VWD because of a positive bleeding history since childhood, a set of different laboratory tests should be performed to make a definitive diagnosis of the VWD type. Due to the large heterogeneity of VWF defects and to the external variables influencing VWF levels in the circulation, the diagnosis of VWD, particularly type 1, may require several laboratory tests to be repeated at different occasions (Table 6 ). The BT is usually prolonged, although it may be normal in patients with mild forms of VWD such as those with type 1 and normal platelet VWF content. 19 Differential diagnosis of VWD types can be done by using these laboratory tests, following the flow chart already proposed by the guidelines for diagnosis and treatment of VWD in Italy (Fig. 2) . Type 3 VWD can be diagnosed in case of unmeasurable VWF:Ag levels. A proportionate reduction of both VWF:Ag and VWF:RCo with a RCo/Ag ratio > 0.7 suggests type 1 VWD. If the VWF:RCo/Ag ratio is < 0.7, type 2 is diagnosed. Type 2B VWD can be identified in the presence of an enhanced ristocetin-induced platelet agglutination (RIPA; < 0.8 mg/mL), whereas types 2A and 2M cause low RIPA (> 1.2 mg/mL). Multimeric analysis in plasma is necessary to distinguish between type 2A VWD (lack of the largest and intermediate multimers)
and type 2M VWD (all the multimers present). Type 2N VWD can be suspected in the presence of discrepant values for FVIII and VWF:Ag (ratio < 1) and diagnosis should be confirmed by the specific test of VWF:FVIIIC. In type 1 VWD the ratio between FVIII and VWF:Ag is always ! 1 and the severity of type 1 VWD phenotype usually can be evaluated from platelet VWF measurements. 19 Additional tests for VWD diagnosis include the closure time (CT) and assays of VWF activity based on *For the use of these tests, see the diagnostic flow chart reported in Fig. 2 and also by Federici et al. 13 PTT, partial thromboplastin time; VWF, von Willebrand factor; RIPA, ristocetin-induced platelet agglutination. collagen-binding activity (CB). Evaluation of CT with the Platelet Function Analyser (PFA-100; DadeBehring, Marburg, Germany) gives a rapid and simple measure of VWF-dependent platelet function at high shear stress: the analysis can be performed in whole blood and therefore has been proposed instead of BT in children. This system is sensitive and reproducible for VWD screening, but is not always specific and must be performed always together with other VWF tests.
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Assays are also available for VWF:CB and the ratio of VWF:CB to VWF:Ag appears useful for distinguishing types 1 and 2: however, results can vary according to the type of collagen sources. 20 In Italy, we have introduced VWF:CB in our panel of assays together with VWF:RCo since 1998, and VWF:CB has been proven to be a very useful additional test to discriminate between types 2A and 2M VWD. 21 
CLINICAL EXPRESSION OF VWF DEFECTS: SEVERE, MODERATE, AND MILD FORMS OF VWD
Type 3 is always severe by definition because it is characterized by unmeasurable VWF level in both plasma and platelets and by low amounts of FVIII:C (< 20 U/ dL). Conversely, types 1 and 2 VWD are very heterogeneous and their clinical presentation is related strictly to the circulating levels of VWF functional activities, measured as VWF:RCo. In the last 5 years, an international prospective study on the use of desmopressin in severe forms of VWD has been performed by five European hemophilia centers in the framework of the 5th Project sponsored by the European Community, and the results have been published. 22 For the first time, the Steering Committee of this study made an attempt to define patients with severe VWD forms, using levels of FVIII/VWF activities as criteria for severity. Patients with severe VWD were defined as those who were characterized by a lifelong history of bleeding (including at least two episodes of blood loss severe enough to require replacement therapy) and by the presence of at least one of the following laboratory abnormalities: BTs > 15 minutes, VWF:RCo < 10 IU/dL, FVIII:C < 20 IU/dL. 22 Similar criteria have been used by the Steering Committee of the Italian National Registry on VWD to evaluate retrospective data on 1234 VWD patients collected from 16 hemophilia centers on behalf of the Italian Association of Hemophilia Centers. 14 Therefore, a mild form of VWD can be diagnosed when patients show a mild personal and family bleeding history with levels of VWF:RCo 10 to 40 U/dL and/or FVIII:C 20 to 50 U/dL, with or without prolonged BT. Conversely, the diagnosis of VWD can be considered for patients with values close to normal ranges. The definition of disease versus reduced levels of normal VWF is difficult in the absence of bleeding history in other members of the family, as reported recently. 23, 24 A pictorial representation of the 
DIAGNOSIS OF INHERITED VWD/FEDERICI
different degrees of VWD severity according to levels of FVIII/VWF activities is shown in Fig. 3 .
PATTERNS OF INHERITANCE
The inheritance pattern of VWD type 3 is autosomal recessive. In type 2 VWD patients, the pattern of inheritance is mainly autosomal dominant, even though rare cases with recessive pattern have been reported.
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The inheritance of the mild type 1 VWD is usually autosomal dominant, with variable phenotype and penetrance. Despite its high prevalence, the precise genetic cause of type 1 VWD is still elusive in most cases, especially in those with a mild phenotype. In type 1 VWD, in fact, several genetic and nongenetic factors are likely to contribute to the wide variability of the clinical and laboratory phenotype. About 60% of the variations in VWF plasma are due to genetic factors, with ABO group accounting for only $30%. In type O subjects the VWF level is 25 to 35% lower than in non-O individuals. 7 Additional factors other than the VWF gene, such as platelet polymorphisms, have been proposed to modify the bleeding tendency of type 1 VWD, as reported. 25 
MOLECULAR AND PRENATAL DIAGNOSIS OF VWD
Cloning the VWF gene has allowed the identification of several suitable restriction fragment length polymorphisms (RFLP), which demonstrate the cosegregation of VWD phenotype with haplotype-specific RFLP patterns in family members of different kindred with VWD.
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Understanding of the crucial segments of VWF involved in the interaction with GPIba initially prompted the fruitful search for mutations in exon 28 of the VWF gene, which encodes for the A1 and A2 domains of mature VWF, as shown in Fig. 1 (review by Castaman et al 11 ). The search for mutations has been extended to additional VWF exons encoding for the other functional domains of VWF. The most frequent mutations reported in types 2A, 2B, 2M, and 2N are listed in Table 7 according to the specific VWF domains and are currently updated on the Web site organized on behalf of the ISTH-SSC on VWF (www.shef.ac.uk/vwf).
Most type 2A cases are due to missense mutations in the A1 domain, with R1597W or Q or Y and S1506L accounting for $60%. 26 The majority of type 2B cases are due to missense mutations in the A1 domain; $90% are caused by R1306W, R1308C, V1316M, and R1341Q mutations (Table 7) . A few heterogeneous mutations are responsible for type 2M cases and are also located within the A1 domain. Therefore, most mutations are expressed and the mutated recombinant VWF has been compared with others found within the same domain. 27 A recurrent mutation in type 2M Vicenza has been reported recently in families from Europe (R1205H), associated with a second nucleotide change (M740I) and identified exclusively in some families from the Vicenza area. 28, 29 Missense mutations in the In type 3 VWD, partial or total gene deletions have been reported initially (reviewed by Eikenboom 30 ). Notably, homozygous states for gene deletion may be associated with the appearance of alloantibodies against VWF, which may render replacement therapy ineffective and stimulate anaphylactic reactions to treatment. 11 Gene defects of type 3 VWD patients from different populations have now been studied, but there was no founder effect and mutations were distributed throughout the entire VWF gene. 31 Compared with hemophilia, most VWD patients show relatively mild bleeding symptoms. Therefore, prenatal diagnosis is required mainly if parents are already known to be carriers of VWD type 3, with gene defects identified in their first affected child. Neonatal diagnosis can be performed in children born from parents with VWF defects already characterized, but phenotypic diagnosis of VWD should always be confirmed later in the child's life and compared with the other affected members within the same family. Given that young children with VWD type 3 might carry deletions of VWF gene that predispose them to the alloantibodies to VWF, every new child with VWD type 3 should be investigated intensively by searching deletions using Southern blot analysis (as reported by Shelton-Inloes et al 32 ) before extensive therapy with exogenous VWF concentrates is started. CONCLUSIONS VWD is the most frequent inherited bleeding disorder. The prevalence of clinically relevant VWD has not been M1304insM-R1306Q -R1306L -R1306W
R1308C -R1308P -I1309V -S1310F
W1313C -V1314F -V1314L -V1316M
P1337L -R1341L -R1341Q -R1341W
L1460V -A1461V
Type 2M G1324S -G1324A -E1359K -F1369I I1425F -Q1191del1-K1408delK
Type2M/2A L1276P -R1374C -R1374H -C1458Y
R1374R
A2 domain Type 2A (formerly IIA) G1505E -G1505R -S1506L -F1514C
K1518E -L1540P -S1543F -Q1556R
L1562P -R1597G -R1597Q -R1597W
V1604F -V1607D -V1609R -P1627H
I1628T -G1629R -V1630F -E1638K L1639P -P1648S -L1657I -V1665E
G1672R
CK domain Type 2A (formerly IID) C2773R
For an updated list of VWF mutations according to VWD types, refer to the Web site www.shef.ac.uk/vwf. VWF, von Willebrand factor; VWD, von Willebrand disease.
estimated directly in the population, but a figure of $100/million, similar to that of hemophilia A, is widely accepted. A detailed collection of the bleeding history with calculation of the bleeding score is essential to identify patients with VWD in the presence of mild defects of VWF by laboratory testing. The phenotypic diagnosis is still the most accessible approach to a correct VWD diagnosis, taking into account the difficulties and costs of molecular diagnosis. However, molecular diagnosis can be useful to confirm and track specific VWF defects within VWD families.
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